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Abstract: Supernova Remnants (SNRs) are broadly accepted as the main accelerators of Galactic cosmic rays
(GCRs) with energies up to the knee region. Recent measurements of pion bumps in IC 443 and W 44 by
Fermi-LAT show indirect evidence of the acceleration of hadronic particles in SNRs. But, whether SNRs are the
powerhouses for GCR acceleration all the way up to the knee region still remains an unsolved question. Tycho
is a promising target for this study because it has been widely studied in multi-wavelength observations from
IR to TeV and it is a young type Ia SNR located in a relatively clean environment. Though recently developed
models generally agree on the likely hadronic origin of the gamma-ray emission from Tycho, the details of the
models vary considerably because the current data in the GeV-TeV range are weakly constraining. Since the
initial detection, VERITAS has increased its data size by more than 40%. We also recently upgraded the telescope
cameras and the analysis packages, which will allow us to extend the measurements toward both lower and higher
energies. In this talk, I present updates on the VHE gamma-ray measurements of Tycho with VERITAS, focusing
on the interpretation of the additional data in the context of hadronic GCR acceleration models.
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1 Introduction
Galactic cosmic rays (GCRs) observed at Earth are com-
posed of > 98 % protons and heavier nuclei and < 2 % elec-
trons and positrons [31]. Since the discovery of CRs, the
acceleration mechanisms and origins of CRs have been in-
tensively studied. Ginzburg and Syravotskii [11] suggested
that supernova remnants (SNRs) are the sources of GCRs,
which has become the generally accepted hypothesis. A
modest efficiency of∼ 10% in converting the kinetic energy
of supernova shocks into particle acceleration and the fre-
quency of SNR in our Galaxy can explain the observed flux
of cosmic rays. Also, diffusive shock acceleration (DSA)
theories suggest that SNRs can accelerate particles up to
1015 eV [5, 13]. DSA predicts the intrinsic spectral index of
accelerated cosmic rays to be ∼ -2.0, which is in agreement
with the measured index of CRs after propagation correc-
tions.
Indirect evidence for the acceleration of the leptonic
component of cosmic rays up to the TeV energy range has
been found in X-ray observations of SNRs (e.g., SN 1006
[24]). Non-thermal X-ray emissions from the rims of SNRs
suggest the existence of high-energy electrons with energies
≥ 200 TeV, under the assumption of a moderate magnetic
field strength of ∼ 10 µG. Observing high-energy gamma
rays from SNRs was expected to provide indirect evidence
of the acceleration of high energy hadronic components
via pion decay from hadronic interactions of particles with
the surrounding interstellar medium (ISM). In fact, several
SNRs were detected in the GeV and TeV energy ranges by
space-borne experiments such as Fermi-LAT and ground-
array telescopes such as VERITAS. However, studying
hadronic acceleration in SNRs with gamma rays is not
straightforward because the inverse Compton scattering of
leptonic components with background radiation can also
generate high-energy gamma rays. Detailed modeling of
the evolution of SNRs in their environments is required to
estimate the contribution of hadronic and leptonic origins
of gamma rays. This is a challenging task because many of
the relevant quantities are unknown.
Recently Fermi-LAT reported the detection of the pion-
decay signature from W 44 and IC 443 [2]. Both SNRs
are very bright in the GeV energy band and known for
interactions with nearby dense materials. With four years
of data and improvements in the analysis method, Fermi-
LAT could resolve the pion bump at ∼ 200 MeV in both
SNRs, showing the existence of hadronic components
with energies higher than several GeV. Although it is
possible to explain this feature with a leptonic scenario,
this requires an additional abrupt break in the electron
spectrum. These measurements provide strong evidence
for the acceleration of protons in the remnants. However,
whether SNRs are the powerhouses for GCRs all the way up
to the 1015 eV still remains an unsolved question. Also, the
detailed acceleration mechanism including the efficiency
and energetics requires more study.
2 Tycho SNR as a GCR accelerator
Tycho is the remnant of a historic SN that was observed in
1572 [32]. Tycho was categorized as resulting from a Type
Ia SN [4], which was confirmed by the light echoes from
Tycho’s explosion [30, 25]. Expansion measurements of
the remnant match with a SNR transitioning into the Sedov
phase [28, 20, 21]. Estimated distances to the remnant have
varied from 2 kpc to 5 kpc. A recent X-ray study yielded
4.0 ± 1.0 kpc [14]. As one of the younger SNRs, Tycho has
been studied in many wavelengths. Tycho has a shell-type
morphology at radio wavelengths with enhanced emission
along the northeastern edge of the remnant [9, 33]. X-ray
images show strong non-thermal emission along the rim
[21]. Deep exposures with Chandra revealed strips of non-
thermal emission from the interior of the remnant, which
was suggested to be evidence of turbulence in magnetic
fields that can accelerate particles up to 1015 eV [10]. A lack
of thermal X-rays at the forward shock[19] and a relatively
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Figure 1: Excess map of gamma-ray events observed
by VERITAS in the vicinity of Tycho, collected during
the 2008/2009 and 2009/2010 observing seasons [1]. An
squared integration radius of 0.015 deg2 was used for the
former data set and 0.01 deg2 for the latter. The white
lines depict 12CO emission (J = 1-0), integrated over ve-
locity from -68 km/s to -50 km/s, from the high-resolution
FCRAO Survey [15]. The 1420 MHz radio map from the
Canadian Galactic Plane Survey [23] appears as green con-
tours. The dashed cyan line indicates the Fermi-LAT 95%
error on the centroid of the GeV emission [12].
spherical morphology in radio and X-ray suggest that Tycho
may have exploded into a relatively uniform low-density
environment. IR measurements with Spitzer showed a
possible gradient in the ISM density, denser at the northeast
side compared to the southwest side by a factor of 3∼5 [36].
Also, the study reported a few regions with significantly
higher density located at the northeast and east sides of
the remnant. Several studies proposed the interaction of
Tycho with a dense molecular cloud (MC) located in the
northeast side of the remnant [29, 26], although a more
recent study showed that there is no evidence of direct
interaction between the SN shock and the MC [35].
All these studies made Tycho an interesting target and
stimulated the observations in high-energy gamma rays.
Recently, VERITAS [1] and Fermi [12] discovered high
energy gamma-ray emission from Tycho. VERITAS re-
ported a relatively hard spectrum with spectral index of
−1.95±0.51stat ±0.3sys covering the 1 ∼ 10 TeV energy
range, while the spectrum of Fermi-LAT covers energies
from ∼ 300 MeV to 100 GeV with a softer spectral index
of −2.3±0.2stat ±0.1sys. The TeV sky map can be seen in
Figure 1. The centroid of the TeV emission from Tycho is
slightly displaced toward the northeast side, where a MC
was detected, deviating from the center of the remnant by
0.04◦. This offset was not statistically significant.
Detailed studies in wide energy range make Tycho a
good candidate to study the acceleration of CRs in SNRs.
In addition to this, it sits in a relatively clean environment
because, as a Type Ia SNR, the progenitor star hasn’t modi-
fied the environment as in core-collapse SNe. Several mod-
els have been proposed to explain the large-scale spectral-
energy distribution of Tycho. Although there are on-going
efforts to fully account for the hydrodynamical flow pattern,
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Figure 2: Previously published VERITAS [1] and Fermi-
LAT data [12] with various models. The red solid line shows
the model of Berezhko et al. [6], for the case of gamma-ray
production in a clumpy ISM. Zhang et al [37]’s model is
plotted as blue dotted line, showing the case of emission
mainly coming from MC. Morlino & Caprioli [27]’s model
appears as a green dotted line, representing CR production
in a homogeneous ISM. The cyan dashed line represents the
case of pure leptonic model with multiple emission zones
[3].
such as studies of accelerations in the reverse shock [34],
currently available models for Tycho are, in general, based
on DSA at the forward shock. While most of the models
agree on the hadronic origin of gamma rays, there are still
noticeable disagreements in detail.
Morlino and Caprioli [27] presented a full model of
Tycho from radio to X-ray and explained the origin of the
high-energy gamma rays as a hadronic component. They
concluded that Tycho can accelerate protons up to 500
TeV with ∼ 12 % of the kinetic energy being converted
into the acceleration of CRs. While Morlino and Caprioli’s
model obtained a gamma-ray index of -2.1, which is softer
than the predictions from standard DSA and non-linear
DSA, Berezhko et al. [6] supported a gamma-ray index
of -2.0. To explain the softer index of GeV emission,
Berezhko’s model added an extra component originating
from the interactions with dense clumps around the SNR.
Zhang et al. [37] suggested that the gamma-ray emission
originated from interactions with the nearby MC, which
requires the conversion efficiency from kinetic energy into
CR acceleration to be at the level of only 1%. Alternatively,
Atoyan and Dermer [3] explored the possibility for a pure
leptonic model to explain the emission by taking into
account of the possibility of multiple emission zones.
Figure 2 shows the different model predictions compared
to the Fermi-LAT and VERITAS measurements. Given the
size of the error bars on the currently available data, it is dif-
ficult to discriminate between models. Reducing the statisti-
cal error bars and extending the spectrum toward both lower
and higher energies can provide better constraints. Improve-
ment on the centroid location of high-energy gamma rays
will be important for determining the acceleration efficiency
and the origin of gamma rays from Tycho.
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3 VERITAS observations
VERITAS [16, 17] is an array of four imaging air Cherenkov
telescopes located at the base camp of the Fred Lawrence
Whipple Observatory in southern Arizona. Each telescope
has a camera that covers a total field of view of 3.5◦.
The configuration of the VERITAS array was changed in
summer 2009 by moving one telescope (T1) to make a
more symmetric array. The relocation of T1 enhanced the
gamma/hadronic discrimination and improved the sensitiv-
ity of VERITAS. After the relocation, the array became sen-
sitive to photons with energies between 100 GeV and 30
TeV. VERITAS could detect a point source with 1 % of the
flux of the Crab Nebula at the 5σ level with less than 25
hours of exposure with angular resolution of∼ 0.1◦ [18]. In
summer 2012, VERITAS updated its cameras by installing
high quantum efficiency PMTs. With the new PMTs, the
trigger threshold of VERITAS was reduced, expanding the
sensitive energy range down to ∼ 85 GeV [22].
VERITAS has observed Tycho since 2008. Data pub-
lished in the first discovery paper includes ∼ 22 hours of
data before the relocation of T1 and ∼ 45 hours of data af-
ter the relocation. We increased the exposure on the source
by ∼ 38 hours from January 2010, which includes 19 hours
of data with updated cameras.
4 Results and discussion
VERITAS observed the Tycho region for ∼ 105 hours over
five years. There have been two major upgrades to the tele-
scope configuration of VERITAS in these five years of ob-
servations: relocation of one telescope (September 2009)
and a camera upgrade (September 2012). To understand the
source of emissions, careful systematic studies of the prop-
erties of each telescope configuration and the interpreta-
tions of combined results are required. Results shown here
are part of on-going systematic studies. We used 64 hours
of data with the same telescope configuration, which were
obtained from 2009 to 2011.
A camera image-fitting algorithm [8] was used for the
analysis. Results of the camera image fitting with a 2D
Gaussian function were used for the shower directional re-
construction and the gamma-ray/hadronic separation. The
method provides improvements on the angular resolution
and the effective area especially for high energy events.
Analysis with this 2D Gaussian fitting method can detect a
weak source with ∼ 20% less observing time compared to
the standard Hillas moment analysis. Results were checked
internally with the standard method and with another inde-
pendent analysis package.
An excess of gamma-ray events was found with centroid
00h25m28s.27,+64◦09′18′′ (J2000). The centroid was ob-
tained by fitting an acceptance-corrected uncorrelated ex-
cess map with an asymmetric two dimensional Gaussian
function. We used an integration radius of 0.1◦ for the spec-
trum analysis. Figure 3 shows the current result along with
the previous measurement. Generally both the centroid mea-
surement and the spectrum measurement are in good agree-
ment with published data. In this study, we extended the
spectrum measurement down to ∼ 800 GeV. High energy
events are still under systematic checking, and not included
in the result.
With the entire archival data set of VERITAS, we expect
to expand high energy gamma-ray measurements from
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Figure 3: Previously published VERITAS [1] with an up-
dated spectrum. Previous measurements comprise 21.9
hours of data from the 2008/2009 season and 44.7 hours of
data from the 2009/2010 season. The spectrum from this
work uses ∼ 64 hours of data from 2009 ∼ 2011.
several hundreds of GeV up to 10 TeV or higher and to test
the existing models shown in figure 2.
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